Mortality in ducks and geese caused by highly pathogenic avian influenza A (H5N1) infection had not been previously identified in Bangladesh. In June-July 2011, we investigated mortality in ducks, geese and chickens with suspected H5N1 infection in a north-eastern district of the country to identify the aetiologic agent and extent of the outbreak and identify possible associated human infections. We surveyed households and farms with affected poultry flocks in six villages in Netrokona district and collected cloacal and oropharyngeal swabs from sick birds and tissue samples from dead poultry. We conducted a survey in three of these villages to identify suspected human influenza-like illness cases and collected nasopharyngeal and throat swabs. We tested all swabs by real-time RT-PCR, sequenced cultured viruses, and examined tissue samples by histopathology and immunohistochemistry to detect and characterize influenza virus infection. In the six villages, among the 240 surveyed households and 11 smallscale farms, 61% (1789/2930) of chickens, 47% (4816/10 184) of ducks and 73% (358/493) of geese died within 14 days preceding the investigation. Of 70 sick poultry swabbed, 80% (56/70) had detectable RNA for influenza A/H5, including 89% (49/55) of ducks, 40% (2/5) of geese and 50% (5/10) of chickens. We isolated virus from six of 25 samples; sequence analysis of the hemagglutinin and neuraminidase gene of these six isolates indicated clade 2.3.2.1a of H5N1 virus. Histopathological changes and immunohistochemistry staining of avian influenza viral antigens were recognized in the brain, pancreas and intestines of ducks and chickens. We identified ten human cases showing signs compatible with influenza-like illness; four were positive for influenza A/H3; however, none were positive for influenza A/H5. The recently introduced H5N1 clade 2.3.2.1a virus caused unusually high mortality in ducks and geese. Heightened surveillance in poultry is warranted to guide appropriate diagnostic testing and detect novel influenza strains.
Summary
Mortality in ducks and geese caused by highly pathogenic avian influenza A (H5N1) infection had not been previously identified in Bangladesh. In June-July 2011, we investigated mortality in ducks, geese and chickens with suspected H5N1 infection in a north-eastern district of the country to identify the aetiologic agent and extent of the outbreak and identify possible associated human infections. We surveyed households and farms with affected poultry flocks in six villages in Netrokona district and collected cloacal and oropharyngeal swabs from sick birds and tissue samples from dead poultry. We conducted a survey in three of these villages to identify suspected human influenza-like illness cases and collected nasopharyngeal and throat swabs. We tested all swabs by real-time RT-PCR, sequenced cultured viruses, and examined tissue samples by histopathology and immunohistochemistry to detect and characterize influenza virus infection. In the six villages, among the 240 surveyed households and 11 smallscale farms, 61% (1789/2930) of chickens, 47% (4816/10 184) of ducks and 73% (358/493) of geese died within 14 days preceding the investigation. Of 70 sick poultry swabbed, 80% (56/70) had detectable RNA for influenza A/H5, including 89% (49/55) of ducks, 40% (2/5) of geese and 50% (5/10) of chickens. We isolated virus from six of 25 samples; sequence analysis of the hemagglutinin and neuraminidase gene of these six isolates indicated clade 2.3.2.1a of H5N1 virus. Histopathological changes and immunohistochemistry staining of avian influenza viral antigens were recognized in the brain, pancreas and intestines of ducks and chickens. We identified ten human cases showing signs compatible with influenza-like illness; four were positive for influenza A/H3; however, none were positive for influenza A/H5. The recently introduced H5N1 clade 2.3.2.1a virus caused unusually high mortality in ducks and geese. Heightened surveillance in poultry is warranted to guide appropriate diagnostic testing and detect novel influenza strains.
Introduction
Highly pathogenic avian influenza (HPAI) A(H5N1) virus is a major concern worldwide because of its ability to cause significant morbidity and mortality in birds, its ability to infect humans with high mortality and its pandemic potential (Swayne and Suarez, 2000) . The first recorded cases of infection of H5N1 viruses in domestic ducks in Asia were in 1997 from live bird markets in Hong Kong (Shortridge et al., 1998) . The first outbreak with mortality of ducks and geese caused by H5N1 viruses was reported in [2002] [2003] in Hong Kong. Although mortality caused by H5N1 in domestic chickens is high (75-100%) (Li et al., 2011) , the virus does not typically cause clinical disease or death in ducks or wild aquatic birds (Alexander, 1987; Ellis et al., 2004; Sturm-Ramirez et al., 2004; Songserm et al., 2006) . However, recent outbreaks caused by H5N1 with a high mortality in ducks and geese were reported in India in 2011 and Indonesia in 2012 (Nagarajan et al., 2012; Dharmayanti et al., 2014) .
Bangladesh has an estimated 270 million poultry including 221 million chickens and 41 million ducks (Ministry of Finance, 2009) . Rearing ducks and geese is an important source of protein and self-employment for rural households in Bangladesh (Sultana et al., 2012) , where poultry are reared in backyards (flock size: 1-99) and small-scale (flock size: 101-500) and commercial farms (flock size >500) (icddrb, 2013a). Since 2007, there have been >545 HPAI H5N1 outbreaks in chickens reported in Bangladesh (World Organization for Animal Health, 2012), causing an estimated US$746 million in financial loss to the poultry industry (FAO-Bangladesh, 2008) . Although surveillance conducted on presumably healthy ducks and geese in live bird markets has identified H5N1 virus in Bangladesh since 2007, mortality in ducks and geese as a result of H5N1 infection had not been previously identified in the country (Khan et al., 2010) .
As of March 2013, there have been seven reported human cases of H5N1 infection identified in Bangladesh, including one fatal case (icddrb, 2011a; Institute of Epidemiology Disease Control and Research, 2013) . All cases had a history of close exposure to sick poultry (Brooks et al., 2009; icddrb, 2011a; Institute of Epidemiology Disease Control and Research, 2013; Rahman et al., 2013) . A recent study of backyard poultry raisers in Bangladesh found that 95% of backyard poultry raisers reared ducks, geese and chickens together in free range conditions: 84% handled sick or dead poultry at least once a day, 52% slaughtered sick poultry, and 55% cared for sick poultry inside their houses (Shanta et al., 2012) . The sporadic detection of avian influenza viruses in humans between 2008 and 2013 indicates the ongoing risk of human infection with novel influenza strains.
In Asia, there have been several reports of H5N1-related mortality in ducks and geese. In 2002, SturmRamirez investigated outbreaks where 43.7% (80/105) of ducks and 37.5% (9/24) of geese died, and avian influenza A/H5N1 was recovered from 95% of these birds . In China, during 2005, outbreaks caused by H5N1 were associated with an 80% mortality rate in ducks and geese (Zhou et al., 2006) . In Korea, during 2010/2011, up to 31% of mortality associated with clade 2.3.2.1 H5N1 was recorded in ducks under five weeks old (Choi et al., 2013) . In India, a 61% mortality rate was observed in a government duck breeding farm where clade 2.3.2.1a H5N1 was isolated (Nagarajan et al., 2012) .
In South Asia, H5N1 virus was first detected in domestic poultry in India and Pakistan during February 2006 and subsequently detected in Bangladesh, Nepal and Bhutan in March 2007 (Zhou et al., 2006) . Until 2010, all H5N1 viruses isolated from poultry in South Asia belonged to clade 2.2 (Wasilenko et al., 2011) . The first detection of clade 2.3.2.1 H5N1 virus in South Asia was reported in Nepal in February 2010 (Food and Agriculture Organization, 2010 Nagarajan et al., 2012; Khan et al., 2014) . A recent study published in 2014 indicates that the clade 2.3.2.1a is one of the most common clades circulating in poultry of Bangladesh (Marinova-Petkova et al., 2014) .
Since 2009, the Bangladesh Ministry of Health and Family Welfare's Institute of Epidemiology, Disease Control and Research (IEDCR) has monitored media reports of unusual clinical manifestations and health-related outcomes in humans and animals. IEDCR contracts with a local company to scan 10 daily newspapers and eight television stations for health-related news items. A daily report is emailed to the National Rapid Response Team at IEDCR for review, verification, risk assessment and, if necessary, rapid response to a reported outbreak icddrb, 2013b) . On 29 June 2011, this media-based surveillance identified a newspaper report of unusual illness and death among ducks and geese in backyards and on small-scale farms in Netrokona, a north-eastern district of Bangladesh. The report described neurological signs in birds including twisting of the head and neck (torticollis), lack of coordination in movements, head tilting and death of more than 25 000 ducks and geese in a week. These neurological signs are infrequently observed among sick poultry in Bangladesh (Dr. Aminul Haque, Veterinary Surgeon, Netrokona, Personal Communication: 2013).
Upon identification of the report, IEDCR, icddr,b and the Government of Bangladesh's Department of Livestock Services (DLS) formed a collaborative team of epidemiologists, veterinarians, physicians and microbiologists to conduct an outbreak investigation. The objectives of this investigation were to identify the aetiologic agent and the extent of poultry mortality on backyard and small-scale farms among ducks, geese and chickens and to identify any possible associated human infections and illnesses associated with this outbreak.
Methods

Poultry investigation
In collaboration with the DLS, the investigative team prepared a line list of villages experiencing unusually high mortality among ducks and geese and visited the outbreak sites ( Fig. 1 ) on 1 July 2011. From 1 July to 23 July 2011, we identified the index households/farms (Fig. 1) where the poultry mortality was first reported and then searched the surrounding households to look for poultry mortality. We conducted door-to-door visits to households in the affected villages to identify any morbidity or mortality in poultry. We defined a case of poultry illness as a chicken, duck or goose that had become sick, showed torticollis and/or died in the 14 days preceding the interview We considered a 14-day period because this is double the upper limit of the incubation period of avian influenza A/H5 virus in chickens (3-7 days) (FAO/OIE guidelines for field investigation) (FAO and OIE, 2006 ) so that we do not miss any case. Another reason for using this 14-day period was that onset of illness occurred on different dates in different villages, and we only became aware of the outbreaks after they were reported in local media and/or DLS office. In three villages, the team collected data from households rearing backyard poultry until they came to a natural barrier (e.g. a river or canal) that separated the village from other villages. In two villages, the team visited households and stopped collecting data when they did not find any reports of dead poultry at six adjacent households from the last known household with poultry morbidity and mortality of chickens, ducks and geese in the 14 days before the date of the interview. Our assumption was that the chances of other dead poultry being found in a household were low if six adjacent households were surveyed and no poultry had recently died there. While surveying households with backyard flocks, the team asked owners of small-scale duck and/or geese farms in an approximately 1 km radius if they observed increased mortality with torticollis on their farm in the three days prior to interview. The team enrolled any of these eligible small-scale duck and/or goose farms. The team used a questionnaire to collect data about flock sizes, dates of illness onset and clinical signs seen in poultry by the primary raisers or heads of households or, in the absence of household heads, any adult present at surveyed households or farms (Appendix S1. Questionnaire for HPAI outbreak investigation in ducks and geese in Netrokona).
Specimen collection
Veterinarians on the outbreak investigation team collected individual oropharyngeal and cloacal swab samples from sick poultry flocks, preferentially from ducks or geese with torticollis on farms in which more than 10% of the poultry had reportedly died (slightly modified from the Food and Agriculture Organization of the United Nations trigger for investigation of farms potentially infected with avian influenza) (FAO and OIE, 2006) in the past three days of our visit. The swabs were collected and placed in viral transport media (VTM) for subsequent diagnosis and possible virus isolation (Appendix S2 -Viral Transport Media for animal samples). In three flocks of geese, we collected pooled oropharyngeal swabs from 10 geese. Swab samples were pooled to reduce the cost of testing. All the swabs were stored and transported from Netrokona to icddr,b using a cold box maintaining a temperature of 4-8°C. For post-mortem examinations, we purposively selected birds that had died recently. We performed examinations on three ducks and one chicken within 2 h of death. We also performed a post-mortem examination on a goose within 18 h of death and whose owner reported head tilting before dying. We collected various tissue samples from these birds including brain, pancreas, duodenum, heart, liver, lung, trachea, kidney and spleen and preserved them in 10% formalin. Swabs were tested for influenza A(H5N1) virus in icddr,b's animal virology laboratory by real-time reverse transcription polymerase chain reaction (real-time RT-PCR). One aliquot of each sample was sent to the laboratories of the Influenza Division of the U.S. Centers for Disease Control and Prevention (CDC; Atlanta, GA, USA), where virus isolation was performed for further characterization by sequence analysis. Tissue samples were sent for conducting histopathology and immunohistochemistry to the University of California Davis Veterinary Medicine Teaching & Research Center (Tulare, CA, USA).
Human illness investigation
In the households where unusual poultry sickness was identified, field investigators inquired about any influenza-like illness among the household members. Any person who developed fever (subjective or measured) and either cough or sore throat in the seven days prior to the interview was classified as having a case of influenza-like illness (ILI) (Vascellari et al., 2007) . Among the six villages with reported unusually high waterfowl mortality, we searched for human ILI cases in three villages. In each of the three villages, field investigators surveyed ILI case-patients who were identified. Using a structured questionnaire, physicians interviewed ILI case-patients, recorded age, sex, clinical signs and exposure to poultry and collected nasopharyngeal and throat swabs in VTM. All swab specimens were stored and transported in a cold box from Netrokona to IEDCR, where they were tested for influenza A and B viruses and subtypes of influenza A/H1pdm, A/H1, A/H3 and A/H5 by real-time RT-PCR.
Laboratory testing
Influenza A virus detection, subtyping and characterization of the Hemagglutinin (HA) surface protein by phylogenetic analysis We performed real-time RT-PCR to identify influenza A virus by targeting the matrix (M) and hemagglutinin (HA) genes for typing and subtyping and clade-specific real-time RT-PCR as previously described (Kis et al., 2013) . The human influenza A positive samples were then subtyped with H1, H3 and H5 primers provided by the Influenza Division of CDC (CDC, 2009 ). We considered a ct value of 37 as a cut-off point for positivity in real-time RT-PCR.
At CDC, virus culture, isolation, RNA extraction and sequencing were performed as previously described (Szretter et al., 2006) . The HA gene sequences of six isolates [Global Initiative on Sharing All Influenza Data (GISAID) accession numbers: EPI448207, EPI353365, EPI353370, EPI448215, EPI448223, EPI448191] were compared to sequences deposited in GenBank (http://www.ncbi.nlm.-nih.gov/GenBank) using the basic local alignment search tool (BLAST) to identify close phylogenetic relatives. The sequence alignment was performed with other H5N1 virus HA sequences retrieved from GISAID (http://platform.gisaid.org/epi3/frontendb) using BioEdit version 7.0.9.0 and the ClustatW multiple alignment option. Multiple sequence alignment was used to assess the phylogenetic relatedness of isolates by the neighbour-joining method (Saitou and Nei, 1987) . The bootstrap test was set at 1000 replications (Felsenstein, 1985) . The phylogenetic tree was drawn to scale with branch lengths in the same units as those of the evolutionary distances. The evolutionary distances were computed using the Kimura 2-parameter (Kimura, 1980) . All positions containing gaps and missing data were eliminated. Neuraminidase gene were characterized from the isolates, and the methods are described elsewhere .
Histopathology and immunohistochemistry
We performed histopathology and immunohistochemistry (IHC) on tissue samples collected from three ducks, one chicken and one goose. The tissues were processed, sectioned and stained for light microscopy as previously described . Immunohistochemistry was performed utilizing rabbit anti-nucleoprotein antibody directed towards influenza A(H5N1) virus and counterstained according to the methods described by Klopfleisch et al. (2006) .
Data analysis
We conducted descriptive statistics to calculate the mean and frequencies of poultry reared and number of poultry deaths in the community using statistical software STATA 13 (StataCorp LP, College Station, TX, USA). We also compared the differences in influenza A/H5 positivity rates from oropharyngeal versus cloacal swabs tested by real-time RT-PCR using the chi-square test.
Ethics
We obtained informed verbal consent from the owners of the poultry that were surveyed. We also obtained verbal consent from adult respondents with suspected with ILI. For participating children aged 7-17 years, we obtained informed verbal consent from their guardians and assent from the children. Because this study was an outbreak investigation, a study protocol was not reviewed by a human subjects committee, but the investigation plan was approved by the Government of Bangladesh.
Results
Poultry illness and mortality in affected villages
We identified six villages in four subdistricts of Netrokona district with unusually high waterfowl mortality and surveyed 240 households with backyard poultry, 11 small-scale duck farms and two small-scale goose farms within those villages. The mean distance between two adjacent households was 24.3 m (SD: 18.6 m), and cumulative distance between six adjacent households in a row in the surveyed communities was 121.3 m (SD: 92.9 m). A total of 7124 birds were reared in the 240 surveyed backyard flocks, 6255 ducks were reared on the 11 surveyed duck farms, and 228 geese were reared on the two surveyed goose farms (Table 1 ). The median number of poultry in backyard flocks was 16 [inter-quartile range (IQR): 9-26] and in commercial duck farms was 395 (IQR: 209-400). Among the 240 investigated backyard flocks, 93% (222/240) of households reported that they observed at least one bird in their flocks become sick and 88% (212/240) of households had experienced at least one poultry death in the 14 days prior to the investigation. All surveyed households from the first (26/26) and second villages (35/35) had at least one poultry death in their poultry flocks. The third village had at least one poultry death in 31% (4/13) of households; the fourth village had at least one poultry death in 67% (18/27) of households; the fifth village had at least one poultry death in 97% (98/101) of households; and the sixth village had at least one poultry death in 82% (31/38) of households. Altogether, 51% (6963/13 607) of all poultry died within 14 days preceding the date of investigation: 61% (1789/2930) of chickens, 47% (4816/10 184) of ducks and 73% (358/493) of geese (Table 1) .
Clinical and post-mortem presentations in ducks and geese
The common signs in observed sick duck flocks were torticollis (Fig. 2) , whitish watery diarrhoea, lack of coordination, loss of appetite and sudden death. Most of the observed ill geese exhibited similar characteristics: torticollis, lack of coordination, leg paralysis and sudden death. Most of the ill chickens were observed to have cyanosis and oedema involving their combs and wattles, leg haemorrhage, drowsiness and sudden death. The internal organs of the examined ducks, geese and chickens appeared normal except for mild congestion and pinpoint haemorrhages noted in the liver and pancreas, and evidence of air sac infections in post-mortem examination.
Laboratory findings
Detection of HPAI H5N1 virus in poultry samples
We tested swab specimens from 70 individual birds and three pooled samples in 15 flocks for the presence of *Number of poultry were enumerated by door-to-door visits of the field research assistant by interviewing the head of the households/adults person of the family present during survey (in backyard flocks) and farm owners/farm workers (in small-scale commercial farm). influenza A/H5 RNA by real-time RT-PCR. Most of the samples were from ducks (n = 55), and a few were from chickens (n = 10) and geese (n = 8). Most of the samples were collected from ducks because when we visited the villages, most of the chickens were dead. Moreover, as these neurological signs and increased rate of death in ducks and geese are relatively uncommon, and the aetiologic agent of the illness was unknown, we were primarily interested in sampling ducks and geese rather than chickens. Of the 15 flocks sampled, 67% (10/15) had at least one bird with detectable RNA for influenza A/H5. Of the 70 poultry sampled, 80% (56/70) were positive for influenza A/H5, including 89% (49/55) of ducks, 40% (2/5) of geese and 50% (5/ 10) of chickens. Of the three pooled samples from geese flocks, influenza A/H5 virus RNA was detected from two flocks. Overall, compared with cloacal swabs, a greater proportion of oropharyngeal swab samples had detectable influenza A/H5 RNA (79% versus 52%, P < 0.001) ( Table 2) .
Phylogeny of the HA gene of H5N1 virus in ducks, geese and chickens Of the 73 samples sent to CDC, virus isolation was attempted from 25 specimens and influenza A/H5 virus was successfully isolated from six of the samples (Fig. 3 ). Full-length HA genes of H5N1 virus of a duck in this outbreak showed 97.5-99.7% similarity with the crow H5N1 isolates that caused widespread mortality in crows in Bangladesh in January-February in 2011 . The Indian isolates from the February 2011 outbreaks shared 97.3-99.6% similarity, while the Nepal isolates from 2010 shared 97.1-99.3% similarity with the isolates obtained in this outbreak (Fig. 3) . Although viruses were not successfully isolated from 19 samples, phylogenetic analysis of HA sequence fragments obtained from direct sequencing showed that these viruses were closely related and also belonged to clade 2.3.2.1a. Neuraminidase analysis identified Neuraminidase 1 (N1) from these six isolates, and the findings have been previously described .
Histopathology of duck, goose and chicken tissues
Histopathological lesions were noted in various organs of chickens and ducks. Chicken tissues including lung, spleen, pancreas, brain, kidney, liver and intestine revealed evidence of systemic lesions caused by the influenza virus infection (Swayne and Suarez, 2000; Nakatani et al., 2005) . These included mononuclear cell infiltration of the lung interstitium, increased numbers of reticuloendothelial cells and hemosiderosis of the spleen, individual acinar cell necrosis with inflammatory cells within the pancreas, and gliosis and occasional focal necrosis of the neuropil of the brain, dilatation of tubules and eosinophilic debris in the lumens of kidneys, increased number of Kupffer cells in the sinusoids of liver and increased cellularity of the lamina propria in the villi of intestine. In duck tissues, perivascular cuffing with gliosis of the brain was noted (Fig. 4a) ; severe, multifocal coagulative necrosis of pancreatic acinar cells (Fig. 4b) , focal necrotizing enteritis of the intestine (Fig. 4c) , and an acute and extensive coagulative necrosis of hepatocytes were identified. These findings were common in all the three ducks' organs.
Immunohistochemistry (IHC) of duck, goose and chicken tissues IHC staining directed against the nucleoprotein (NP) of avian influenza virus was evident in various chicken and duck organs. In chickens, there was evidence of virus antigen within the cytoplasm and nuclei of myocytes of the heart. There was massive accumulation of NP within the nucleus and cytoplasm of submucosal ganglia (myenteric plexus) as well as in the endothelial cells of vessels and mononuclear cells within the lamina propria of the intestine. We also noted multifocal infection of the mononuclear cells lining the sinusoids as well as in the endothelial cells of the vessels in the liver, in the nucleus and cytoplasm of acinar cells and in the mononuclear cells of the ducts in the pancreas. There was higher accumulation of NP in the nucleus, glial cells and dendrites scattered through the brain. In ducks, there was huge accumulation of NP within the nucleus and cytoplasm of the neurons, in the glial and ependymal cells of the brain (Fig. 5a ) in the acinar cells of the pancreas (Fig. 5b) , within the submucosal ganglion (myenteric plexus) of the intestine (Fig. 5c) , and mild staining of cytoplasm and nuclei of cardiac myocytes. The liver tissue samples that we collected from a goose had evidence of infection in the hepatic sinusoidal lining cells with avian influenza virus. 
Human illness investigation
We have surveyed 139 households in three villages and identified ten human cases-patients with ILI. Among the ten identified ILI cases, six were male and four were female. The median age of ILI case-patients was 12.5 (range: 7-75) years. None of the cases had symptoms or signs of severe illness. In the 14 days preceding the onset of illness, nine had poultry in their houses, eight observed dead poultry in their household compounds, six had held poultry with their bare hands, four had assisted in poultry slaughtering, and two had visited a live bird market. Of the 10 ILI case-patients, nine had cough, eight fevers, seven rhinorrhea, five sore throat, four myalgia, and three headache in the 14 days preceding the onset of illness. Four (40%) of 10 nasopharyngeal swab specimens had detectable influenza A virus M gene RNA and were further subtyped as influenza A/H3. None of the case-patients had specimens that were positive for influenza A/H5 or influenza B.
Discussion
Clinical manifestations, laboratory tests, and epidemiological data from this investigation indicated that the morbidity and mortality observed among ducks, geese and chickens were caused by highly pathogenic avian influenza A(H5N1) clade 2.3.2.1a virus. H5N1 viruses are usually highly pathogenic among chickens but not typically among ducks or wild aquatic birds, although some exceptions have been reported (Alexander, 1987; Ellis et al., 2004; SturmRamirez et al., 2004; Songserm et al., 2006) . H5N1 viruses isolated in Hong Kong from chickens in 1997, geese in 1999 and 2000, and chickens in 2001 were not pathogenic in ducks and were only mildly to moderately pathogenic in geese (Shortridge et al., 1998; Lee et al., 2005; SturmRamirez et al., 2005; Brown et al., 2008) . However, since 2002, a number of H5N1 viruses have been shown to cause clinical signs and mortality in ducks either by natural infection or in experimental studies SturmRamirez et al., 2005; Songserm et al., 2006) . Recently, there have been several outbreaks of H5N1 clade 2.3.2.1a in domestic ducks and/or geese with significant mortality reported from India, Egypt, China and Indonesia (Food and Agriculture Organization, 2010; Nagarajan et al., 2012; Dharmayanti et al., 2014) . In January-February 2011, 5 months prior to this investigation, multiple outbreaks in crows caused by H5N1 clade 2.3.2.1a were reported from a central and a southern district of Bangladesh, most probably the introduction of the virus in the country WHO/OIE & FAO H5N1 Evolution Working Group, 2014) . In this outbreak, we observed a high mortality rate in ducks (47%) and geese (73%). These mortality rates were unusually high for these species. However, in India, 61% mortality in ducks caused by clade 2.3.2.1a virus was reported on one duck breeding farm during January-February 2011 (Nagarajan et al., 2012; WHO/OIE & FAO H5N1 Evolution Working Group, 2014) . This new clade was apparently introduced into South Asia early in 2011 and since that time has caused massive mortality in poultry and wild birds Nagarajan et al., 2012; Khan et al., 2014) . In 2013, clade 2.3.2.1a virus was detected from apparently healthy ducks in live bird markets in Bangladesh (Personal communication, Sukanta Chowdhury, icddr,b, Bangladesh) , and a recent publication indicates that H5N1 clade 2.3.2.1a has replaced the older clade 2.2.2 in poultry in Bangladesh (Marinova-Petkova et al., 2014) .
The spread of H5N1 within waterfowl in north-east Bangladesh could result in severe economic losses for backyard poultry raisers throughout the country due to widespread geographical distribution and potential for causing morbidity and mortality in both backyard chickens and quails. Furthermore, further exposure to the virulent strain H5N1 clade 2.2.3.1a virus could increase the potential for human infection.
Since Group, 2008) . Two years after the outbreak reported in this study, it appears that clade 2.3.2.1a is now the predominant H5N1 virus clade circulating in Bangladesh Marinova-Petkova et al., 2014) . This clade was associated with the first reported fatal human H5N1 infection in Bangladesh in February 2013, in which there were clinical signs and laboratory data indicating central nervous system (CNS) involvement (Rahman et al., 2013) .
Pathological findings and avian influenza virus NP accumulation in brain, pancreas and intestine of the ducks and chickens were caused by H5N1 virus Nakatani et al., 2005) . We found severe lesions in the brain, pancreas, liver and intestine and moderate lesions in the kidney and lung. These lesions and the presence of IHC staining in the brain, liver, lungs and pancreas would explain the higher mortality in ducks and chickens. Both the histopathological lesions and IHC seen in various organs of the poultry in this study are consistent with the findings of Vascellari et al. (Vascellari et al., 2007) and others Nakatani et al., 2005; Brown et al., 2006; Songserm et al., 2006) . Although we did not find any microscopic changes in the tissue of the goose that was examined, there was IHC evidence of avian influenza virus in the liver of this bird. Moreover, swabs collected from the liver of this goose had detectable RNA for influenza A/H5 in real-time RT-PCR.
Most of the observed ducks and geese showed signs of CNS dysfunction including torticollis, lack of coordination and leg paralysis. These types of neurological signs were observed in both natural and experimental H5N1 infections in waterfowl during an outbreak in Hong Kong in 2002 and in other places (Swayne and Suarez, 2000; Brown et al., 2006) . H5N1 virus has been reported to infect the CNS and cause changes in brains and other organs in domestic ducks and geese (Perkins and Swayne, 2002) . The clinical signs observed in chickens in this outbreak were consistent with H5N1 outbreaks in chickens reported elsewhere (Biswas et al., 2011) . However, the neurological signs exhibited in ducks and geese in this outbreak were uncommon and alarming for poultry raisers in the study area. This created great interest and drew the attention of local media.
In this outbreak, H5N1 was not isolated from humans, indicating that there was no detectable transmission of the virus from poultry to humans. The detection of influenza A/H3 in the poultry raisers is congruent with findings from hospital-based influenza surveillance indicating circulation of seasonal influenza in humans in Bangladesh at the time of the outbreak (icddrb, 2011b). However, the simultaneous circulation of seasonal influenza in humans and H5N1 in birds in the locality is a concern as this could increase the chances of re-assortment between humanadapted influenza strains and H5N1 virus.
Limitations
We investigated this outbreak in one district in Bangladesh. However, the outbreak subsequently spread to other districts and subdistricts in the surrounding areas. In this study, we only investigated a small area in which the outbreak occurred, during a short time interval. We did not determine the total number of households with poultry deaths in the six villages we visited, and we restricted our investigation to only ducks, geese and chickens -deaths of other poultry types were not investigated. The total number of birds in the three surveyed villages was not knownhence, we could not estimate the proportion of birds that died during the outbreak among all birds kept in the villages. Likewise, we did not survey the owners of commercial duck farms if they did not report having sick or dead birds and neurological illness in poultry. Although we collected few specimens from chickens and geese, the interpretation of this outbreak investigation (H5N1 clade 2.3.2.1a as a cause of unusually high mortality in ducks and goose) would not have changed if collected more samples because of the virus detection, characterization, histopathology and immunohistochemistry identified among available samples. We collected and tested a small number of samples (n = 73) from ducks, geese, chickens and HA and N1 gene were characterized from six isolates, as described in a previous report . There may have been selection bias resulting from the small number of samples that yielded isolates. Had we been able to collect more samples, the findings might have varied. However, as all the samples were collected from the same outbreak and during the same time period from the birds with similar clinical manifestation, it is unlikely that additional sampling would have added to this data set. The results presented showing that among the six viruses sequenced, there remained only minor genetic changes underscore this assumption. Furthermore, partial HA sequencing of the 19 isolationnegative samples yields highly related viruses indicating a shared source of infection resulting in this outbreak. Based on this epidemiologic link, we assume that the proportion of isolates positive for H5N1 would be similar had they been characterized.
Virus isolation was attempted on only the samples that had ct values <30 due to limitations on the availability of embryonated chicken eggs and other resources. Previous experience working with avian swabs that have ct values >30 and have been through more than one freeze-thaw cycle demonstrates a low isolation efficiency. In addition, because the samples were collected from birds at the same location and within a short period of time, we feel the viruses were genetically closely related and that additional isolation/sequencing (sampling) would not add to the data set.
Conclusions
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